Transmissions of virus using the aphid Myzus persicae were performed using plants co-infected with two cucumoviruses, tomato aspermy virus (V-TAV) and cucumber mosaic virus (M-CMV). Five of the aphidtransmitted progeny viruses (3-7 %) induced symptoms distinct from those induced by either parental virus. Northern blot hybridization analysis of encapsidated RNAs from these novel progeny demonstrated that all of the RNA profiles were characteristic of pseudorecombinants, i.e. viruses with reassorted genomic RNAs. The two larger RNAs, 1 and 2, originated from V-TAV, whereas RNA 3 was derived from M-CMV. A more sensitive RNase protection assay analysis of both unencapsidated and encapsidated RNAs revealed the presence of minor populations of V-TAV-derived RNA 3 in all of these novel progeny, and of M-CMV-derived RNA 1 (and presumably RNA 2) in one of the progeny. A bias against the encapsidation of the minor populations of RNAs by the M-CMV coat protein was observed, suggesting that there is specificity or competition with regard to the encapsidation of cucumoviral RNAs in vivo. This study demonstrates that insect vectors can mediate the establishment of pseudorecombinants with mixed populations of RNA 3.
Introduction
Mixed infections by plant RNA viruses provide rich sources of genetic complementation and exchange. One form of genetic complementation is the potentiated transmission of deficient viruses from mixed infections (Rochow, 1977) . The mechanisms underlying the complementation include the provision of an essential helper component (Simons, 1976; Pirone & Thornbury, 1983) and the encapsidation of one virus, wholly or in part, by a heterologous coat protein (Hu et al., 1988; Creamer & Falk, 1990; Bourdin & Lecoq, 1991) . The intervirus exchange of genetic information via RNA recombination (King, 1988 ) is also made possible by the establishment of mixed infections. Among plant viruses, recombination is thought to be responsible for a number of phenomena: the origin of chimeric tobraviruses (Robinson et al., 1987; Angenent et al., 1989; Goulden et al., 1991) ; the length heterogeneity in the 5' termini of alfalfa mosaic virus RNA (Huisman et al., 1989) ; the facilitation of the generation of satellite and defective interfering RNAs in carmoviruses (Li et al., 1989; Cascone et al., 1990) , and defective interfering RNAs in tombusviruses (Hillman et al., 1987; Burgyan et al., 1991) ; the t Present address: Plant Science Center, 147 Biotechnology Building, CorneU University, Ithaca, New York 14853-2703, U.S.A.
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incorporation of host plant sequences into a viral RNA (Mayo & Jolly, 1991) ; and to have played a role in the evolution of bromoviruses (Allison et al., 1989) . The reassortment of intact genomic elements from multicomponent RNA viruses (pseudorecombination) is another type of genetic interaction which can give rise to novel variants. This phenomenon is best documented with the influenza viruses, in which reassortment has resulted in major antigenic shifts (Smith & Palese, 1988) . Pseudorecombinant plant viruses have been constructed in vitro and shown to be viable in a number of systems: the bromoviruses (Bancroft, 1972; Allison et al., 1988) , cucumoviruses (Habili & Francki, 1974) , dianthoviruses (Okuno et al., 1983; Osman et al., 1986) and nepoviruses (Doz et al., 1980) . The tobraviruses represent a unique situation in that although pseudorecombinants constructed in vitro using genomic RNA from viruses of different subgroups are not viable (Harrison & Robinson, 1985) , natural isolates have been characterized which represent true recombinants (Robinson et al., 1987; Angenent et al., 1989; Goulden et al., 1991) . One can infer that mixed infections must have occurred to allow the formation of the recombinant RNAs, but no naturally occurring pseudorecombinants have been documented in this or any other plant virus system.
The construction of pseudorecombinants in vitro has allowed the mapping of phenotypic traits to specific 0001-0924 © 1992 SGM K. L. Perry and R. L B. Francki RNAs. In studies of cucumoviruses, viruses with tripartite genomes, the coat protein gene, aphid transmissibility and host reactions have been mapped to RNA 3 (Habili & Francki, 1974; Marchoux et al., 1974; Mossop & Francki, 1977; Rao & Francki, 1982; Lakshman & Gonsalves, 1985) ; the RNA 3s of these viruses are genetically compatible and can be readily exchanged in vitro (Rao & Francki, 1981) . Host reactions have also been mapped to cucumoviral RNAs 1 and 2 (Habili & Francki, 1974; Marchoux et al., 1974; Lakshman & Gonsalves, 1985; Roossinck & Palukaitis, 1990) . Although RNAs 1 and 2 are exchangeable, in vitro, among strains of cucumber mosaic virus (CMV), these RNAs cannot be exchanged between CMV and a related cucumovirus, tomato aspermy virus (TAV) (Rao & Francki, 1981) .
In any situation of genetic complementation and exchange, the virus vector will play an important role. The vector provides not only for the physical transfer of the virus, but also introduces an element of specificity and selection. A mixed infection is a replicating population of viral RNAs which may include functionally redundant or non-essential genomic components. The vector can act to separate out a smaller subset of the parent population and allow different RNAs to replicate and evolve in the absence of previously competing genetic elements.
The present study was designed to demonstrate the ability of aphids to act as a vector for pseudorecombinants from mixed infections ofcucumoviruses, namely an aphid-transmissible strain of TAV (V-TAV) and a very poorly aphid-transmissible strain of CMV (M-CMV). Non-parental virus progeny was obtained which consisted of both mixed and reassorted genomes. The complexity of such interactions is illustrated by the detection in apparent pseudorecombinants of very minor populations of additional genomic RNAs.
Methods

Transmissions of virus by aphids and the selection of virus progeny.
Mixed infections were established by inoculating one lower leaf of a Nieotiana glutinosa or N. elevelandii plant with 125 ~tg/ml of V-TA V and 25 ~tg/ml of M-CMV in a total volume of 5 Ixl. A single stock of each virus stored at -20 °C in 50~ glycerol was the sole source for all experiments, and the inoculum concentrations were those empirically chosen to ensure infection of 100 ~ of the inoculated plants with both viruses. Leaves were assayed for viral antigens by a DAS-ELISA system using antisera prepared against fixed V-TAV and Fny-CMV virions as described previously (Sackey & Francki, 1990) . Two to 4 weeks after inoculation, systemically infected leaf tissue was sampled with a 1-2 cm diameter cork borer and crushed in 600 ktl of extraction buffer containing 0-4M-disodium citrate, 0"1~ Tween 80, 2~ polyvinylpyrrolidone (Sigma, PVP-40) and 0.5~ thioglycolic acid added just before use. Leaves identified as containing both antigens ('source leaves') were used for aphid transmissions. Source leaves singly infected by M-CMV or V-TAV were similarly established.
Myzuspersicae were starved for 1 to 3 h, transferred onto the surface of a source plant and observed for probing behaviour. Aphids were allowed to probe for 1 to 3 min and then transferred onto either N. glutinosa or N. clevelandii ('target plants'). One, three or 10 aphids were used per target plant. For a given source leaf, 28 target plants were usually employed. Target plants were observed for 4 weeks postinoculation and symptoms were scored as either V-TAV-Iike or M-CMV-like (Sackey & Francki, 1990) , or as non-parental. The population of viral RNAs within a single target plant was defined as a 'progeny virus'. Progeny viruses were maintained by mechanical inoculation and by storage in dried leaf material.
Virus purification and RNA extraction. Virus was purified from N. clevelandii as described previously for V-TAV (Habili & Francki, 1974) and M-CMV (Mossop et al., 1976) . The M-CMV-Iike and non-parental progeny were tested for the type of coat protein antigens present by DAS-ELISA, and virions were purified by the procedure designed for M-CMV (Mossop et al., 1976) . These progeny were passaged by mechanical inoculation two to four times before being inoculated onto N. clevelandii for purification. RNA was extracted from virion preparations as described by Peden & Symons (1973) . For plant RNA isolation, infected material was ground in liquid nitrogen, thawed in extraction buffer (1 ~ SDS, 50 mM-Tris-HC1 pH 8.3, 25 mM-EDTA and 2~ 2-mercaptoethanol added immediately before use), and extracted two or three times with an equal volume of phenol : chloroform (1 : 1). A one-third volume of 8M-LiCI was added to the aqueous phase, the sample was incubated overnight on ice and RNA was pelleted by centrifugation at 10 000g_ The pellet was resuspended in water, brought to 0-25 M with sodium acetate, and precipitated with 2-5 volumes of ethanol. RNA was stored at -20 °C in 0.5 mM-EDTA pH 8.0 or as an ethanol precipitate. The same population of plants, all inoculated at the same time, was used for the purification of virus and extraction of plant RNA. For any given set of plants, the plant RNA extractions and the virus purifications were all performed within a few days of one another.
RNA isolation, Northern blot hybridization analysis and RNase protection assay. Purified RNAs were electrophoresed on both TBE (89 mM-Tris, 89 raM-boric acid, 20 mM-EDTA, pH 8-3) and TAE (40 mMTris, 20 mM-sodium acetate, 2 mM-EDTA, pH adjusted to 8.0 with glacial acetic acid) non-denaturing, 1.2~ agarose gel systems and capillary-transferred onto Nytran (Schleicher & Schuell) filters (Sambrook et al., 1989) . Glyoxal-denatured RNAs were also analysed, as described by McMaster & Carmichael (1977) . Northern hybridization analyses were carried out using 3zP-labelled cDNAs complementary to the genomic RNAs of V-TAV and M-CMV (Perry & Palukaitis, 1990) . Cloned cDNAs were radiolabelled by the 'oligolabelling' procedure of Feinberg & Vogelstein (1983) or transcribed into radiolabelled probes (Owen & Palukaitis, 1988) . The plasmids pTAV302 and pTAV413 contained cloned sequences complementary to C-TAV RNA 3 nucleotides 1 to 557 and 1576 to 1993, respectively (O'Reilly et al., 1991) . These cloned cDNAs were excised by cleavage with BamHI and PstI or BamHI and HindIII, respectively, and purified from TAE-agarose gels using a Prep-A-Gene kit (Bio-Rad). For transcription reactions, pTAV302 was digested with PvuII and transcribed with T7 or T3 RNA polymerase to yield negative-and positive-sense RNAs, respectively, pTAV413 was linearized using BamHI or HindIII, and transcribed using T3 or T7 RNA polymerase to yield negative-and positive-sense RNAs, respectively. Plasmid pFnyl00.8 is a Fny-CMV RNA 1 cDNA of 844 nucleotides and was used as described by Roossinck & Palukaitis (1990) . The buffer systems and hybridizations were as described by Church & Gilbert (1984) ; the RNase protection assay is that of Winter et al. (1985) , as modified by Roossinck & Palukaitis (1990) . The standard assay employed 1 ~tg of viral RNA or 1 ~g 2 M-LiCl-insoluble RNA. The molecular size marker employed was a 1 kb ladder (BRL) which had been dephosphorylated with calf intestinal phosphatase and 5' end-labelled with polynucleotide kinase and [~,-32p]ATP.
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Estimating transmission frequencies. Virus transmission frequencies were estimated using group testing methods (Swallow, 1985) , where 15 was defined as the probability of disease transmission by a single aphid.
The 15 values were calculated from 15 = 1 -c], where ~1~, is the observed proportion of symptomless plants, and k is the number of aphids/target plant (for discussion see Swallow, 1985) . This allowed comparisons of frequencies to be made between experiments in which different numbers of aphids were used per target plant. Virus transmissions from mixed infections were initially performed with single aphids and later with three aphids/target plant. Since the greatest source of variability lay in the use of different source leaves, estimates of 15 were made independently for each experiment employing one source leaf and approximately 28 target plants. The ~ values were averaged, and oneor two-sided confidence intervals calculated based on Student's t distribution. Transmissions of the parental M-CMV and V-TAV, and of the M-CMV-like progeny were performed using 10 aphids/target plant, with estimates of 15 made independently using groups of approximately eight target plants.
Results
Aphid-transmitted progeny virus
A total of 136 virus-infected plants (progeny) were obtained using aphids fed upon leaves with mixed infections of V-TAV and M-CMV. These transmission experiments employed either one or three aphids/target plant. To compare the transmission frequencies observed in different experiments, an estimate for the probability of virus transmission by a single aphid, defined as 15, was derived. The estimation of 15 is at the core of group testing or multiple vector-transfer design with a considerable history of use and statistical assessment (see Swallow, 1985) . When using one aphid/target plant, the frequency of single aphid transmission for the V-TAV-Iike progeny was estimated to be 4-10% (Table 1) . When the number of aphids/target plant was increased to three, a similar estimate for ~ of 6.94% was obtained. In experiments with three aphids/ target plant, any progeny obtained probably originated from a single aphid transmission event (P > 0.77, a value based on the highest transmission frequency observed). The progeny were scored for symptoms as follows: V-TAV-like, 92.6 % (126/136); M-CMV-like, 3-7 % (5/136); and non-parental, 3-7% (5/136). The symptomatology of the parental viruses on N. clevelandii and N. glutinosa has been described (Sackey & Francki, 1990) . The bright yellow chlorosis induced by M-CMV differs markedly from the mottling and growth distortion observed with V-TAV infections. The M-CMV-Iike and non-parental progeny all contained the M-CMV coat protein, as revealed by a DAS-ELISA. The V-TAV coat protein could be detected only in the TAV-like progeny. The non-parental and M-CMV-like progeny are listed in Table 1 . The symptoms of all but one of these progeny (146B1) were stable for more than six mechanical passages over a 6-month period. The M-CMV-like progeny induced bright yellow chlorotic symptoms interaction is the appearance of a symptomless flush of growth 14 to 28 days after infection. This remission was absent with the non-parental progeny which induced a yellow chlorosis in combination with mottling or growth distortion characteristic of V-TAV. With one nonparental progeny, 146B1, the symptom phenotype was not stable; it gradually shifted upon mechanical passaging to resemble more closely that of the parental M-CMV. 146Bl-infected plants exhibiting the initial nonparental phenotype were used to prepare R N A for the analyses described below. The M-CMV-like and non-parental progeny were tested for their aphid transmissibility. In these experiments, 10 aphids/plant were used to facilitate the detection of rare transmission events. The progeny tested were poorly or not at all transmitted; they closely resembled the phenotype of the M-CMV parent with overlapping confidence intervals of the estimated 15 values (Table 1 ). These data indicate that the M-CMVlike progeny were most likely not aphid-transmissible revertants of the parental M-CMV.
Non-parental progeny virion RNA profiles resemble those of pseudorecombinants
V-TAV and M-CMV genomic R N A s can be differentiated on the basis of their mobility in agarose gels under non-denaturing conditions. When virion R N A s from the non-parental progeny were compared with the parental RNAs, R N A s 1 and 2 of all five progeny comigrated with the respective V-TAV R N A s (Fig. 1 a) . In contrast, To confirm that the progeny did contain reassorted genomes, and to establish whether there were other minor R N A s present, the virion R N A s were transferred to nylon membranes and probed with radiolabelled cDNAs. The M-CMV c D N A s hybridized to nonparental progeny R N A s at the positions of R N A s 3 and 4 (Fig. 1 b) . No M-CMV R N A s I or 2 were detected in any of the progeny virion RNAs. When a duplicate filter was probed with V-TAV cDNAs, a signal was observed for the non-parental progeny at the position of R N A s 1 and 2, and throughout the region of faster migrating R N A s (Fig. 1 c) . Although it was clear that V-TAV R N A s 1 and 2 were present, the presence of V-TAV R N A 3 could not be ascertained due to the high background from breakdown products of R N A s 1 and 2, and possible artefactual stacking effects (Palukaitis et al., 1983) . To clarify the analyses, a cloned TAV R N A 3 cDNA, pTAV413, was used as a probe in the Northern blot hybridizations. This clone represents nucleotides 1576 to 1993 of C-TAV R N A 3 (O'Reilly et al., 1991) , a sequence which spans the 3' end of the coat protein gene and includes 88 nucleotides from the 3' non-coding region. Owing to sequence conservation in the 3' non-coding region, this probe is complementary to a small part of V- TAV RNA 2 and, to a lesser extent, TAV RNA 1 (Bernal et al., 1991) . When virion RNAs from the non-parental progeny were probed with radiolabelled pTAV413, no V-TAV RNA 3 sequences could be detected (Fig. 1 d) . The probe did hybridize, to a limited extent, to the parental V-TAV RNA 2 and to RNAs from the non-parental progeny running at the same position in the agarose gel (Fig. 1 d) . The pTAV413 probe also hybridized to a smaller RNA, RNA 'c', observed among the virion RNAs of the parental V-TAV and the virion RNAs of all the non-parental progeny (Fig. I d) . The parental V-TAV RNAs also included a second small RNA, RNA 'b'. Both RNAs 'b' and 'c' could be observed as stainable bands in the V-TAV RNA preparation (Fig. 1 a, lane 1) . As discussed below, the smaller RNAs appear to be derived from different V-TAV genomic RNAs.
The non-parental progeny contain minor populations of viral RNAs
The population of RNAs examined in the analyses described above was potentially biased by the purification procedure employed in the isolation of virions. To evaluate both the encapsidated and unencapsidated RNAs, 2 M-LiCl-insoluble RNAs were prepared from the same population of plants from which virus was obtained. Probing these RNAs in Northern blot hybridizations allowed the detection of unencapsidated V-TAV RNA 3 and M-CMV RNAs 1 and 2 which might not have been represented among the encapsidated RNAs of the non-parental progeny. The 2 M-LiCl-insoluble RNAs were electrophoresed in a non-denaturing TBE agarose gel system (Fig. 2a ) and probed in a Northern blot hybridization with radiolabelled pTAV302 sequences (Fig. 2b) . This probe, which is specific to the 5' terminus of C-TAV RNA 3 (O' Reilly et al., 1991) , allowed the detection of TAV RNA 3 sequences associated with one of the non-parental progeny, 126A28, although the signal, which was clear in the original autoradiograph, was at the threshold of detection and is not easily seen in the photograph (Fig. 2b, lane 5) . The membrane was also probed with radiolabelled pTAV413 sequences, the same TAV RNA 3 3' end-proximal probe used in the Northern blot analyses of virion RNAs. Signals were observed for 146B1 at the positions of V-TAV RNAs 3 and 4, and additionally at other positions (Fig. 2 c, lane 7) . The same pattern of bands was repeatedly observed for 146B1 RNAs in Northern blot hybridizations using both native and glyoxal denaturing agarose gel systems (data not shown). These results suggest that some of the nonparental progeny maintained a minor population of V-TAV RNA 3, although it is not obvious why the sequences detected with the pTAV413 probe were not observed with the pTAV302 probe (see Discussion). The detection of V-TAV RNA 2 in the non-parental progeny was due to the presence in the probe of conserved 3' end sequences. The pTAV413 probe also detected RNA 'c'
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1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 Fig. 3 . RNase protection assay using probes specific to TAV RNA 3. The RNase-protected products were electrophoresed in a 5~ polyacrylamide-urea gel and visualized by autoradiography. The radiolabelled transcripts were complementary to TAV R N A 3 5' end sequences (pTAV302) in (a) and (c) and 3' end sequences (pTAV413) and an additional small RNA, RNA 'a', in all the nonparental progeny (Fig. 2c) . RNAs 'a' and 'c' could be observed among the parental V-TAV RNAs (Fig. 2c , lane 3), although the higher background tended to mask their presence in longer exposures. When the same 2 MLiCl-insoluble RNAs were probed in Northern blot hybridizations with cDNAs to M-CMV, the results were identical to those obtained for the encapsidated RNAs; only signals at the positions of RNAs 3 and 4 were observed (data not shown).
To clarify and extend these observations, a more sensitive RNase protection assay was employed using the same TAV RNA 3 cDNA clones as templates to transcribe radiolabelled probes. The transcripts were annealed to 2 M-LiCl-insoluble RNA fractions and then treated with RNases under conditions in which the dsRNA remained intact. The products of these reactions are shown in Fig. 3 . In these assays, the use of a tRNA control reaction identified non-specific product bands, and comparisons with the products of the V-TAV RNA control allowed the detection of bands diagnostic for the presence of V-TAV RNA 3. With the pTAV302 transcript, V-TAV RNA 3 sequences were detected in 126A28 (Fig. 3a, lane 7) , consistent with the Northern blot hybridization analyses using the pTAV302 probe. The increased sensitivity of this assay also allowed the detection of TAV RNA 3 sequences in 126A32 (Fig. 3 a, lane 10). When the same assay was performed using the pTAV413 transcript, TAV RNA 3 sequences were detected in all of the non-parental progeny (Fig. 3 b) . The strongest signal was observed for 126A28, followed by 126A32. This is consistent with the results of the RNase protection assay with the pTAV302 transcript and with the Northern blot analyses using the pTAV302 probe. In both RNase protection assays, the in vitro transcripts contained some non-viral sequences contributed by the vector. Therefore, the major positive-sense transcript control reaction products were slightly longer than the RNA 3-specific products observed following annealing to the viral RNAs. The upper band observed among the RNase protection assay products represents residual undigested probe. These results indicate that all of the non-parental progeny maintained a minor population of V-TAV RNA 3 detectable in the infected plant RNA preparations.
The RNase protection assay was also used to test for the presence of M-CMV RNA 1 in the non-parental progeny. A radiolabelled probe was transcribed from pFnyl00.8, a cDNA clone derived from RNA 1 of Fny-CMV (Roossinck & Palukaitis, 1990) . When the probe was annealed to M-CMV RNAs, two major RNA bands were observed (Fig. 4a, lanes 4 and 6) , both smaller than the full-length product seen with the positive-sense transcript (Fig. 4a, lane 2) . These bands were diagnostic for the presence of CMV RNA 1, although the pattern revealed a sequence divergence between the M-CMV RNA 1 being probed and the Fny-CMV RNA 1 from which the clone was derived. When the probe was annealed to the 2 M-LiCl-insoluble infected plant RNAs, the M-CMV RNA l-specific bands were also observed in one of the five non-parental progeny (Fig. 4a, lane 10) . This progeny, 146B1, contained a minor population of M-CMV RNA 1, and presumably M-CMV RNA 2, because these two RNAs are mutually dependent for their replication (Nitta et al., 1988; Hayes & Buck, 1990) and cannot be complemented by TAV RNAs (Rao & Francki, 1981) . Therefore, of the five non-parental progeny, one contained all six of the parental genomic RNAs, with the RNAs of a pseudorecombinant predominating.
A bias in the encapsidation of the minor populations of RNAs
The RNase protection assay analyses described above were repeated using virion RNAs in the annealing reactions rather than both the encapsidated and unencapsidated RNAs. Unexpectedly, the minor populations of V-TAV RNA 3 were not detected in the encapsidated RNAs of the non-parental progeny (Fig. 3c) . Similarly, M-CMV RNA I was not detected among the encapsidated RNAs, even of 146B1, the progeny for which it had been observed previously in a 2 M-LiCl-insoluble fraction (Fig. 4b) . To confirm these results and preclude the possibility that something in the viral RNA preparations was interfering with the detection of the minor RNAs, a reconstruction experiment was conducted. Increasing amounts of viral RNAs were added to annealing reactions containing 1 ~tg of the 2 M-LiCl-insoluble fraction from 126A28. Following the RNase treatment and product purification, the yields of 32p label were equivalent and the intensity of the bands observed in the autoradiograph was similar (Fig. 5) . Owing to the presence of non-viral sequences in the in vitro transcripts, the expected sizes of the probe alone and the product of the positive-sense transcript control reaction were 490 and 474 nucleotides in length, respectively; this compares with the 418 nucleotide long RNA 3-specific product. The addition of viral RNAs neither interfered with the detection of nor contributed to an increase in the signal specific for the TAV RNA 3 sequences. Thus, it appears there is a bias against the encapsidation of the minor populations of V-TAV RNA 3 and M-CMV RNA 1. 
Discussion
The experiments presented were originally designed to test for the occurrence of two phenomena which might play a role in the evolution of plant R N A viruses, namely the reassortment of genomic components and heterologous encapsidation. Our insect transmissions resulted in the establishment of infected plants harbouring reassorted and mixed cucumovirus genomes. In most of the nonparental progeny, RNAs 1 and 2 originated from only one of the parent viruses, V-TAV; M-CMV RNAs 1 and 2 either were not transmitted or did not replicate and spread efficiently. It seems most likely that, except in the case of 146B1, the initial transmission event did not include M-CMV RNAs 1 and 2 because previous studies with mixed infections indicate that these RNAs are more competitive than V-TAV RNAs 1 and 2 (Sackey & Francki, 1990) . In contrast, both parental R N A 3s were transmitted, but M-CMV R N A 3 was either replicated, encapsidated and/or transported more efficiently than V-TAV R N A 3. Surprisingly, the dominance of M-CMV RNA 3 operates even though replication functions are conferred by the heterologous V-TAV RNAs 1 and 2.
V-TAV RNA 3 was stably maintained in all the nonparental progeny, but only at very low levels. The results from the RNase protection assays using two different probes were consistent; the same relative amounts of TAV RNA 3 sequences in the different non-parental progeny were observed (Fig. 3) . The Northern hybridizations were at least 10-fold less sensitive than the RNase protection assay under the conditions employed when 1 ~tg of R N A was used in both assays (data not shown). The only non-parental progeny in which V-TAV R N A 3 could be detected by Northern blot analyses with the pTAV302 probe was 126A28, and even then the signal was at the threshold of detection. This was consistent with the RNase protection assays, in which 126A28 was shown to contain the highest level of TAV R N A 3 sequences. In the Northern blot analyses using radiolabelled pTAV413, the only non-parental progeny R N A which gave rise to an autoradiographic signal at the position o f R N A 3 was 146B1. With this progeny, signals were also observed at positions corresponding to faster migrating RNAs. The same banding pattern was obtained in Northern blot hybridizations with glyoxaldenatured RNAs. The occurrence of multiple bands was unique to 146B1, and the detection of V-TAV R N A 3 in only 146B1 would not have been expected in the light of the RNase protection assay data discussed above. One explanation for the apparent discrepancy lies in the nature of the assays employed. The RNase protection assay tests for the presence of an intact R N A complementary to the probe, whereas the Northern blot hybridization will detect an R N A with at least some, but not necessarily all, sequences complementary to the probe. The 146B1 RNAs being detected in the Northern blot analysis may represent recombinant RNAs containing some but not all of the sequences represented in the probe; these RNAs would not be detected in the RNase protection assay unless the complementary sequences were contiguous and of sufficient length. Recombination among plant viral RNAs has been demonstrated or implicated in a number of systems (Hillman et al., 1987 ; Robinson et al., 1987; Huisman et al., 1989; Cascone et al., 1990; Mayo & Jolly, 1991) , including the brornoviruses, which share with cucumoviruses a similar genome structure and replication strategy (Bujarski & Kaesberg, 1986; Allison et al., 1989) . R N A rearrangement is one explanation which could account for the results observed in the analyses of 146Bl-infected plant RNAs.
Three small RNAs, designated 'a', 'b' and 'c', were detected using the pTAV413 probe. It seems most likely that RNAs 'a' and 'c' originated from either V-TAV R N A 1 or 2, since the non-parental progeny contained barely detectable levels of V-TAV R N A 3. R N A 'b' most likely originates from or is regulated by V-TAV R N A 3, because RNA 'b' was observed, for the most part, only in plants infected by the parental virus. It is not known whether any of RNAs 'a', 'b' and 'c' are biologically significant or merely degradation products.
A comparison of the RNAs encapsidated by the M-CMV coat protein with those in the 2 st-LiCl-insoluble fraction suggests that there is a bias in encapsidation. The V-TAV RNA 3 observed in the non-parental progeny could be detected only in the 2 M-LiCl-insoluble RNAs. This bias is quite dramatic considering that the RNase protection assay contained 1 ~tg of RNA in all cases, and that the viral RNAs isolated from virions are greatly enriched over those observed in the 2 M-LiCIinsoluble RNA fractions. CMV RNA 1 could not be detected among the M-CMV coat protein-encapsidated RNAs, suggesting that there is also a bias against the encapsidation of this minor population of RNAs. Our results suggest that there is specificity or competition with regard to encapsidation of cucumoviral RNAs in vivo.
The isolation of M-CMV-Iike progeny was originally not,expected, as M-CMV has been reported to be nontransmissible (Mossop & Francki, 1977; Chen & Francki, 1990; Sackey & Francki, 1990) . Three types of event may have led to their isolation: (i) rare event transmissions of M-CMV may have occurred; (ii) M-CMV RNAs may have been encapsidated in V-TAV coat protein (heterologous encapsidation), thus increasing the likelihood of their transmission; or (iii) these M-CMV isolates may have represented mutants, the altered coat protein of which conferred an improved transmission efficiency. An evaluation of the observed transmission frequencies ( Table 1 ) would suggest that the M-CMV-like progeny arose by (i) or (ii). If heterologous encapsidation was occurring, the phenomenon was not operating at a high enough frequency to be clearly discerned.
The insect vectoring of virus from a mixed infection has resulted in the transmission of a subset of the original population of viral RNAs. This suggests that, with multicomponent viruses, the insect vector may play a role as a biological filter, the activities of which result in the separation or isolation of populations of viral RNAs. Evolution could then proceed in the absence of previously competing RNAs. The reassortment of plant viral RNAs may be viewed as an evolutionary mechanism acting in combination with and in addition to mutation and recombination.
